A snow-melting experiment was performed to study the effects of road salt on the melting of urban snow from a snow windrow (pile) along a road in central Luleå, Sweden. Two snow piles were formed in the laboratory, with and without road salt added, and melted under similar conditions. All meltwater was collected and analyzed. The purpose of the experiment was to study the influence of the use of de-icing salt on meltwater quality and the release of pollutants from urban snow. The study indicated that the use of road salt may increase the dissolved metal phase in the urban snow meltwater. Also, the salt seems to have the largest effect at the beginning of the melting period when chloride is leaving the snow pile. Of total chloride, 90% was transported with the first 20% of the meltwater. Concentrations of the particulate-bound metals showed a fairly constant rate of release at the start of melt, but increased rapidly towards the end of the melting period, and this was more pronounced in the case of snow containing high chloride concentrations. Overall, a larger transport of solids was found for the pile with salt due to faster melting. Significantly larger masses of suspended solids and two heavy metals (Cu and Zn) were released with the meltwater from the pile with salt in comparison with the no-salt pile. The rest of the suspended solids and heavy metals stayed in the solid residue remaining at the end of the experiment.
Introduction
Traction control is an important part of winter road maintenance in cold climates with snow. Sodium chloride (NaCl) is the de-icer of choice, but calcium chloride (CaCl 2 ) and magnesium chloride (MgCl 2 ) are used when air temperatures fall below -25 o C (Oberts et al. 2000) . The U.S., Canada, and some northern European countries use large amounts of NaCl in winter road maintenance. In the U.S., more than 10 million tonnes of salt are spread on public highways annually (Novotny et al. 1999) , and Marsalek (2003) cited the use of road salt in Canada as 5 million tonnes per year (1997 to 1998 data) . Swedish municipalities generally use sand, salt, or a mixture of both. During the winter of 2001/2002, 265 ,000 tonnes of NaCl was used on Swedish roads, which is almost 20% more than during the previous season (SGU 2003) . The use of NaCl as a de-icer is an environmental issue because it causes a number of environmental effects, including adverse impacts on vegetation (Marsalek, 2003) and increased corrosion. Chloride may infiltrate into the ground and contaminate groundwater (Environment Canada and Health Canada, 2001) and damage soil structure (Amrhein et al. 1992) . Urban snow contains heavy metals (Malmqvist 1983; Viklander 1999; Glenn and Sansalone 2002; Reinosdotter and Viklander 2005) and trace organic compounds such as polycyclic aromatic hydrocarbons (Boom and Marsalek 1988; Lindgren 1998; Reinosdotter et al. 2006) , which are transported with snowmelt into the receiving waters. Novotny et al. (1998) found that salt may increase dissolved metal concentrations in salt-laden snowmelt and, * Corresponding author; Maria.Viklander@ltu.se consequently, increase its toxicity to the biota. Viklander (1994) studied the quality of meltwater from urban snow deposits and found that 30% of the early runoff contained 92% of the chloride, and that only a small fraction of the total amount of pollutants in snow deposits was transported with the meltwater runoff. The majority of pollutant fractions were attached to solids and remained with gravel on the ground at the snow pile site. Also, no acid shock was observed at the beginning of the melting period. Other studies on variations of concentrations in meltwater from newly fallen snow were reported by Johannessen et al. (1975) and Johannessen and Henriksen (1978) who found that, in Norway, the first 30% of the meltwater contained 70 to 80% of the total mass of ions such as H + and Cl -. Consequently, snowmelt was identified as a major factor in the acidification of freshwaters in Norway. Westerström (1989) found a similar result for the meltwater quality in the Luleå region of northern Sweden, and reported a strong enrichment of ions in the meltwater at the beginning of the melting period. Schondorf and Herrman (1987) studied the transport of chemicals from melting snow and found that pollutants were released in two shockwaves: dissolved pollutants were released at the beginning of the melting period and particle-bound pollutants were released at the end. Colbeck (1981) studied the effect of repeated melt-freeze cycles on the transport of pollutants from a snowpack and suggested that during the meltfreeze cycles, ions were transported from the upper snow layers and concentrated in the lower layers, from which they were quickly eluted with the first meltwater. Abrahams et al. (1988) observed snowmelt of newly fallen snow in a rural area in Scotland and reported that concentrations of trace elements were 1.3 to 5.4 times higher in the first 10% of the meltwater than in the bulk snow.
Thus, the literature on pollutant releases from snowpacks provides widely varying answers with respect to the timing of releases of pollutants, particularly when comparing results from urban and rural areas. Recognizing the broad use of salts in urban areas, it was of interest to examine how this practice influences the release of pollutants from snowpacks. The main objective of this laboratory study was to investigate the influence of de-icing salt use on meltwater quality and the release of pollutants from urban snow with respect to solids and dissolved and particulate-bound metals.
Methods

Experimental Setup
About 4 m 3 of snow was collected from a snow windrow along a road, in central Luleå, with an average daily traffic of 21,900 vehicles per day. The Municipality of Luleå performs winter road maintenance on this road using only sand. The collected snow was homogenized and split into two equal piles, 2 m 3 each, one of which was spiked with 2.3 kg of road salt used by the Swedish National Road Administration. Reference samples were taken from both snow piles. Snow was placed on a plastic sheet in an unheated garage (Picture 1) with air temperatures greatly affected by those observed outdoors. The piles were allowed to melt over a three-tofour-week period. All meltwater was collected in plastic buckets and analyzed. To detect a possible first flush of chloride, more frequent sampling was performed at the beginning of the melting period, when the first 5 samples were collected after every 10 litres of snowmelt left the pile; after that, samples were collected after every 20 litres of snowmelt. The air temperature was measured in the garage during the whole melting period. After melting, which required 21 and 29 days for the piles with and without salt, respectively, the sediment remaining on the plastic sheet was collected and weighed.
Laboratory Analyses
An Ignold meter for ion-weak waters was used to measure snowmelt pH at a room temperature of 20°C, to three decimals. Heavy metal concentrations were analyzed with a plasma mass spectrometer (ICP-MS) with detection limits of 1 µg/L for Cu and 4 µg/L for Zn. The dissolved fraction was measured after sample filtration using a 0.45-μm filter, with detection limits of 0.1 µg/L for Cu and 0.2 µg/L for Zn. Suspended solids (SS) concentrations were analyzed by the Water Investigations SS-EN 872 method (SIS 1996) , which is a European standard method based on sample filtration through a 1.6-µm fibreglass filter. Conductivity was measured with a CDM 210 radiometer. Chloride (Cl) concentrations were measured according to the Water Investigations SIS 02 81 20 method (SIS 1974) with a detection limit of 1 mg/L. The particle size distribution was analyzed by using a Coulter Multisizer II particle counter for particles within the range from 4 to 120 µm. In this instrument, particles suspended in a weak electrolyte are drawn through a small aperture, separating two electrodes. Particles passing through the aperture increase the impedance of the aperture by displacing their own volume of electrolyte, and from this change in impedance it is possible to deduce the particle volume and diameter.
Results and Discussion
Physical Parameters
Basic physical parameters measured in the snow-melting experiment are listed in Table 1 . The total volume of meltwater was 282 L for the snow pile with salt and 287 L for the pile without salt. The mean snowmelt flow for the pile with salt was higher than for the pile without salt; the pile with salt melted eight days faster than the pile without salt.
Due to difficulties with collecting meltwater in the beginning of the melting period for snow with salt, the hourly melt flow during the third sampling event was exceptionally high, 4,060 mL/h. This value was therefore excluded from calculating the mean and standard deviation of hourly melt flows, but the mean and standard deviation shown in the brackets include this value. The melt flows corresponding to individual sampling occasions are shown in Fig. 1 as a function of time (without the outlying value of 4,060 mL/h).
Higher flows were observed in the beginning of the melting period. For the first sampling occasion, the pile with salt showed larger flows, occasionally over 1,000 mL/h, and a maximum flow of over 4,000 mL/h. A decrease in flow could be seen for both piles towards the Picture 1. Experimental setup and the melting process.
the particle size, a higher mean number of particles were found in the meltwater with high chloride concentrations, which was explained by the higher meltwater flows for this pile and the associated higher capacity of hydraulic transport of particles with the meltwater.
The concentrations of dissolved Cu, Zn, and Cl are shown in Fig. 2 for individual samples. The results in Fig. 2 indicated that the dissolved metal concentrations showed elution patterns similar to those of chloride. The meltwater from the snow pile with salt added not only had higher concentrations of chloride, but also higher concentrations of dissolved metals during the first two sampling occasions. When the chloride concentration decreased, the dissolved metal concentrations also decreased and the difference in dissolved metal concentrations between the two piles became very small. This result also showed an apparent connection between chloride concentrations and dissolved metal concentrations. The pH results showed that the pile with salt had a large decrease in pH during the first part of the melting period (Fig. 2) . However, the mean pH value remained close to neutral over the entire melting period. After the initial large decrease, pH was found to be relatively similar between the two snow piles. This is most likely because by then, most of the chloride mass had left the snow pile. Viklander (1994) investigated meltwater quality from an urban snow deposit where pH varied between 6.0 and 7.2, which is similar to this study. The so-called 'acid shock' was reported when observing natural snowmelt with pH varying between 3.3 and 5.5 (Westerström 1989) . end of the melting period. Air temperatures dropped below 0°C on two occasions, March 31 and April 10, which resulted in lower flows on both occasions.
Chemical Composition of Snow and Meltwater
Before starting the melting experiment, two snow reference samples, S1 and S2, were collected from each snow pile. The mean concentrations of water quality constituents in snow samples and the mean concentrations and standard deviations in the meltwater samples are shown in Table  2 . The snow samples from the two snow piles showed similar concentrations of SS and total Cu and Zn; higher concentrations of dissolved Cu, and to some extent of dissolved Zn, were found in the reference samples from the snow pile with salt added. Much higher Cl concentrations and conductivity were found in the snow reference sample and in the meltwater originating from the snow pile with salt added. Also, higher mean concentrations of SS and metals, both dissolved and total, were measured in the meltwater with high Cl concentrations. Low dissolved metals, described by percentages of total metals, were found in the reference snow samples. However, the meltwater from both piles contained evidently higher loads of dissolved metals, indicating that the melting process increased the dissolved metal phase.
The number of particles in the meltwater, and its mean and standard deviation, were also calculated and are presented in Table 3 . The number of SS particles decreased with the increasing particle size. However, despite 
Volume ion Concentrat
Substances in the Meltwater
The percentages of SS, total metals and particles transported with the meltwater (Table 4) were calculated for the laboratory experiment using the following relationship: A comparison of the distribution of SS and total metals showed that a higher percentage was transported with the meltwater from the pile with salt than the one without. This difference could be due to the larger flow from, and the higher melting rate of, the pile with salt.
The result showed that larger particles stayed on the surface, whereas smaller particles, to a greater extent, were transported with the meltwater. The percentage of particles remaining on the surface after melting decreased with increasing particle size. A comparison of particle transport from the two snow piles showed that overall, larger amounts of particles and metals were transported with meltwater from the pile with salt; this is most likely due to the faster melting caused by higher chloride concentrations and the resulting higher flows from the snow pile with salt added. Viklander (1996) reported the fractions of the total amounts of Cu, Pb, and Zn that were transported with meltwater in pilot, full-scale, and laboratory studies as follows: 10% of Cu, 0.5% of Pb, and 7% of Zn for the pilot study; 6.5% of Cu, 1% of Pb, and 10% of Zn for the full-scale study; and 28% of Cu, 42% of Pb, and 30% of Zn for the laboratory study. Most of these results are comparable with those collected in this study for the snow pile without salt. This follows from the fact that the urban snow used in Viklander (1996) was also collected in the Luleå region and therefore most likely contained low chloride concentrations because the Municipality of Luleå does not use road salt. This was confirmed by Viklander (1994) who reported chloride concentrations varying in the laboratory study between 6.7 and 7.2 mg/L. According to the snow-melting experiment described in this study, when salt is used in winter road maintenance, the meltwater will contain larger amounts of particles and metals compared with the practice of using friction materials only. 
Pollutant Release
The H + concentration elution graph (Fig. 3) showed that the pile with salt produced faster elution of H + at the beginning of the melt. A large early release (a preferential elution) of ions such as H+ and Cl-during snowmelt was also found by Johannessen and Henriksen (1978) , Schondorf and Herrman (1987) , and Westerström (1989) .
Transport of chloride from the pile with salt is also shown in Fig. 3 and indicates very high release of chloride in the beginning of the melting period; 95% of chloride was transported with the first 30% of the meltwater, which was similar to the results found by Viklander (1992) who found that 92% of chloride was transported with the first 30% of the meltwater. Due to very low chloride concentrations in the pile without salt, the Cl values are not plotted in Fig. 3 for this pile.
A comparison of transport of SS from both snow piles (Fig. 3) showed similar patterns for both piles. The relative transport (i.e., MSS / Vmw, where MSS = mass of SS and Vmw = the corresponding volume of meltwater) remained fairly constant throughout the melting period, with increasing SS concentrations towards the end of the melting period.
Release of dissolved and particulate-bound copper (Cu) and zinc (Zn) from both snow piles is shown in Fig.  4 . The pile with salt showed a slightly faster elution of dissolved Cu (i.e., 90% of dissolved Cu had been released with the first 60% of the meltwater) than the pile without salt (90% of dissolved Cu had been released with the first 70% of the meltwater). Elution of dissolved Zn was slower than that of Cu; 90% of dissolved Zn was eluted with the first 80% of the meltwater from the pile with salt, and with nearly 90% of the meltwater for the pile without salt.
Some differences could also be seen when comparing the releases of particulate-bound Cu and Zn. While the pile without salt had a fairly constant transport of particle-bound Cu and Zn, the pile with salt had a low transport at the beginning of the melting period and a high transport at the end, when 40% of total Cu and Zn were transported with the last 20% of the meltwater. The transport increase of the total mass of metals for the pile with salt was more evident at the end of the melting period than for the pile without salt. This result was also seen for SS. Therefore, the mass of total metals showed a similar pattern to that of SS.
Results of similar studies showed that, in a laboratory experiment, the first 30% of the meltwater contained 68 to 73% of total Zn and 53 to 70% of total Cu (Johannessen and Henriksen 1978) . Viklander (1994) found that the first 30% of the meltwater contained 43% of total Cu when melting a snow pile with 200 m 3 of snow. By comparison, in this study, the first 30% of the meltwater eluted 20% of total Zn and 23% of total Cu from the pile with salt, and 26% of total Zn and 27% of total Cu from the pile without salt.
The results showed a difference in melting times; the snow pile with salt melted eight days faster than the pile without salt, even though both piles were melting under similar conditions. Since 90% of chloride was transported with the first 20% of the meltwater, some differences between the two snow piles could be seen during this period, especially for dissolved metals. A lower pH and higher dissolved concentrations of both Cu and Zn were found for the pile with salt in the first two samples. After most of chloride had been released (i.e., after the first two samples), the transport showed similar patterns for both piles. This finding indicates that the chloride concentration affects the dissolved metal concentration. Novotny et al. (1998) detected this effect when comparing snow samples collected in Milwaukee, U.S.A. and in Edmonton, Canada, which indicated that the use of salt led to increased dissolved metals.
Differences in the transport of the particulatebound concentrations of Cu and Zn were noted. The pile without salt showed a fairly constant transport; however, the pile with salt added showed a slow transport at the beginning of the melting period and more rapid transport towards the end. Schondorf and Herrman (1987) also found this pattern when studying the release of chemicals from snow; they found a release of pollutants in the form of two shock waves: dissolved pollutants were released at the beginning of the melting period, and the particle-bound pollutants were released at the end. The same result could also be somewhat seen in this study, mainly for the pollutants transported from the snow pile with salt added. 
Conclusions
The laboratory study indicated that the use of salt in urban snow handling may increase the dissolved metal phase in the meltwater. The pollutant releases also showed that the use of salt seems to have the largest effect at the beginning of the melting period when chloride is released from snow. Of total chloride, 90% was released with the first 20% of the meltwater. The Transport of SS showed similar patterns for both piles, except for large particles (40 to 120 μm), which were released faster from the snow pile with salt added; this is most likely because the larger flow from this pile had a greater capacity to transport the larger particles (Fig. 5 ). An increase in particle transport was seen at the end of the melting period, especially for particles smaller than 40 µm. Westerlund (2005) found the same phenomenon when analyzing meltwater transported to a catch basin collecting meltwater and rainwater from a road with 7,400 vehicles per day. 
